The active site of the [Fe]-hydrogenase features an iron(II) centre bearing cis carbonyl groups and a chelating pyridine-acyl ligand. Reproducing these unusual features in synthetic models is an intriguing challenge, which will allow both better understanding of the enzymatic system and more fundamental insight into the coordination modes of iron. By using the carbamoyl group as a surrogate for acyl, we have been able to synthesize a range of ferracyclic complexes. Initial reaction of Fe(CO) 4 Br 2 with 2-aminopyridine yields a complex bearing a labile solvent molecule, which can be replaced by stronger donors bearing phosphorus atoms to produce a number of derivatives. Introduction of a hydroxy group using this method is unsuccessful both with a free OH group and when this is silyl-protected. In contrast, the analogous reactions starting from 2,6-diaminopyridine does allow synthesis of complexes bearing a pendant basic group.
Introduction
Biologically, activation of dihydrogen occurs by three phylogenetically-distinct types of hydrogenase enzyme: [ been the focus of studies both at the biological and synthetic levels, with a very large number of models reported for the diiron system. In contrast, the redox-inactive [Fe]-hydrogenase has to date received less attention. This enzyme catalyses the heterolytic cleavage of dihydrogen into a proton and a hydride, delivering the latter to the substrate methylenetetrahydromethanopterin. 3, 4 The crystal structure of the [Fe]-hydrogenase revealed that the iron centre is ligated by an unusual acyl group (Fig. 1 ). 5, 6 Prior to the confirmation of the structure of the [Fe]-hydrogenase by crystallography, a small number of model compounds had been synthesized based on the available spectroscopic evidence. 7 The design of the majority of these focused on reproduction of a cis carbonyl arrangement at iron, and supported the formulation of an iron(II) centre in the enzyme, [8] [9] [10] [11] while others introduced pyridine and sulfur ligands around the metal centre. 12, 13 Following the publication of the revised crystal structure of the [Fe]-hydrogenase, Hu and coworkers have described the synthesis of five-and six co-ordinate acyl models ( Fig. 2 ) [14] [15] [16] [17] and related dimeric sulfur-bridged structures. 18 We have communicated a facile route to ferracyclic analogues possessing an intramolecularly-generated carbamoyl group, 19 and described the formation of a thiolatecontaining structure which closely reproduces the geometry of the enzyme active site (Fig. 2) . Herein, we now report synthetic and structural details of some new ferracyclic carbamoyl systems, including the identification of a key intermediate in the synthetic pathway, and the first example of a structural model of [Fe]-hydrogenase bearing a basic group at the 6-position on the pyridine ring.
Results and discussion
Formation of carbamoyl ligands has been previously reported following reaction of rhenium and ruthenium carbonyl complexes with amine-substituted nitrogen-containing heterocycles. [20] [21] [22] Evidently coordination of the heterocyclic nitrogen atom to the metal centre allows intramolecular attack at an electrophilic CO (Scheme 1). This approach was adapted to synthesise the first ferracyclic carbamoyl structures.
Primary ring-forming reaction
Reaction of Fe(CO) 4 Br 2 with 2-aminopyridine in CH 2 Cl 2 results in the formation of a yellow precipitate 1 with evolution of carbon monoxide (Scheme 2). This material is insoluble in non-coordinating solvents (see below) and was not previously identified. 19 In the coordinating solvent MeCN, 1 reacted to give complex 2 which was fully characterised by X-ray crystallography. . As reported earlier, dissolution of 1 in MeCN followed by concentration and cooling yielded 2·MeCN as a crystalline solid (Scheme 2), with X-ray diffraction confirming loss of hydrogen bromide from 1 and retention of the carbamoyl and cis carbonyl groups. 19 Here we note that the X-ray structure of 2 shows that the carbamoyl group retains significant double bond character, with the CO bond distance [1.229(3) Å]
Scheme 2 Synthesis of 3.
Scheme 1 Generalised mechanism for metallocyclic carbamoyl formation. . The carbamoyl ligand unit is therefore insensitive to the wider metal environment: with the exception of compound 3a (vide infra), this pattern is seen for all of the monomeric carbamoyl complexes we have examined.
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Substitution chemistry of complex 2
Complex 2 possesses a potential labile solvato ligand, MeCN.
We have shown that this can be replaced by THF and reversibly by CO: 19 here we further explore the substitution of the solvato ligands MeCN and THF with phosphines. Slow addition of a dilute solution of PMe 3 to 2 in THF enabled the isolation of 3a in which the ligating solvent is replaced by the phosphine ligand (Scheme 2, Fig. 4 ). Compared to complexes 1 and 2, the carbamoyl ligand in 3a is 'twisted' such that the pyridine ring does not lie directly above the Fe-P bond, reducing steric clash between the phosphine and pyridine groups. In solution, the IR spectrum of 3a shows maxima at 1934 cm The reaction of 2 in THF with one equivalent of PPh 3 gave a mixture of mono-and di-substituted compounds. Modifying the reaction procedure by carrying out and working up under an atmosphere of CO allowed isolation of 3b, which exhibits solution IR stretches at 2040 cm −1 and 1990 cm −1 in the carbonyl region. Compound 3b gave satisfactory elemental analysis to support formulation as the monophosphine. The di-substituted complex Fe(CO)(PPh 3 ) 2 (Br)(C 6 H 5 N 2 CO)·THF was isolated as a minor product which was characterized by crystallography (see ESI †).
Basic functionality at the 6-position of the pyridine ring
With a secure route to models replicating the first coordination sphere of the active site of the [Fe]-hydrogenase, the next target is replicating the wider environment around the iron. The native enzyme contains a hydroxyl group pendant to the putative hydrogen bind site, 6 and the involvement of this group in catalysis has been proposed. 4 Theoretical studies suggest that the lone pair of the oxygen sufficiently basic enough to able to polarize the hydrogen-hydrogen bond, facilitating hydrogen activation. 23, 24 Based on the formation of 1 by reaction of 2-aminopyridine with Fe(CO) 4 Br 2 , we sought to introduce a hydroxy group using 4a as the ligand precursor. Compound 4a (Fig. 5) established by an X-ray diffraction study that 4a exists as the keto form 4a′ in the solid state (see ESI †), but this does not interfere with the reactivity of the hydroxy group in solution (see below). Reaction of 4a with Fe(CO) 4 Br 2 led to a very rapid reaction with significant effervescence; IR indicated that all bound CO had been lost in this process. Attempts to moderate the reaction by cooling and dilution were unsuccessful. To exclude the possibility that this failure was due to reaction at two competing sites, we moved to protection of the hydroxyl group in 4a. Silylation using (i-Pr) 3 SiCl under standard conditions to yield 4b proceeded smoothly. However, reaction of 4b with Fe(CO) 4 Br 2 gave similar results to that with 4a: loss of carbonyl signals in the infrared. It is possible that HBr liberated in the formation of the carbamoyl is able to attack the silyl group, deprotecting in situ and thus leading to the same reactivity seen with 4a. We therefore turned to the introduction of an alternative basic group in the form of the second amine group in 2,6-aminopyridine. Carbamoyl formation on one side of this molecule would be expected to leave the second amine group free to participate in further chemistry. Following a similar procedure to that which produces compound 2, the diamine was added to a solution of Fe(CO) 4 (Fig. 6 ) was obtained as orange blocks. A diffraction study confirmed the presence of a free amino group in this material, along with retention of the cis carbonyl arrangement as required. The geometry at iron is similar to the other carbamoyl complexes reported here, although it is notable that the bromide occupies the position trans to the carbamoyl here, in contrast to the arrangement in 3. This arrangement permits intramolecular hydrogen bonding to take place, with an H(3a)⋯Br (1) 
Conclusions
Metallocyclic carbamoyl complexes are rare. We have now identified and structurally characterised a key precursor on a pathway which has provided access to a range substituted ferracyclic structures, including new phosphine derivatives (Scheme 2). In the [Fe]-hydrogenase structure nature deploys a hydroxyl-ketonic group at the 6-position on the pyridine ring in a ferracyclic structure and this is thought to be important in heterolytic cleavage of dihydrogen acting as proton acceptor. Although approaches to synthesise a synthetic analogue with a similar framework were unsuccessful, we have shown that the reaction of Fe(CO) 4 Br 2 with 2,6-diaminopyridine affords a ferracyclic structure which has a basic amino group juxtaposed in the 6-position to the Fe centre, i.e. in the second See ESI † for further details.
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coordination sphere, and this complex has been structurally characterised.
Experimental
General
Unless otherwise stated, reactions were carried out under nitrogen using conventional air-sensitive techniques. Starting materials were purchased from Aldrich or Alfa Aesar and were used without further purification. Solvents were freshly distilled under an inert atmosphere of N 2 from an appropriate drying agent. NMR spectra were recorded at 25°C in 5 mm tubes using a Bruker Avance 300 spectrometer. 4 ] as the supporting electrolyte at room temperature. Spectroelectrochemistry experiments were carried out using a Spectroelectrochemistry Partners SP-02 cell mounted on a Pike MIRacle ATR unit fitted to a Bruker Vertex 80 spectrometer.
Fe(CO) 4 Br 2
This was synthesized as previously reported. 19 Crystals suitable for X-ray diffraction were grown by sublimation at reduced pressure.
[ 6·MeCN], and were refined by full-matrix least-squares methods on F 2 in SHELXL. 31 Non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms bound to nitrogen were located in the Fourier difference map and freely refined where possible; in all other cases they were included in idealized positions and their U iso values were set to ride on the U eq values of the parent carbon atoms. Crystallographic data for previous-unpublished structures are summarized in Table 1 and S1 † (ESI †). CCDC 922917-922924 contain the supplementary crystallographic data for Fe(CO) 4 Br 2 , 1, 3a and 6·MeCN and the supporting structures. Dalton Transactions Paper
